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Silica particles and method for their preparation. 

Silica particles, especially spherical silica particles, hav- 
ing a very narrow pore diameter distribution which can be 
set independently from the pore volume can be prepared 
according to the sol-gel technique by partially pre-drying the 
hydrogel particles obtained and subjecting the partially 
pre-dried particles thus obtained to a hydrothermal treat- 
ment followed by washing, drying and optionally calcining. 

The novel silica particles thus obtained have an unusual- 
ly regular structure and can be suitably used as catalysts or 
catalyst carriers, e.g. in hydrodemetallization processes and 
in olefin hydration processes. 
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PROCESS FOR THE PREPARATION OF SILICA PARTICLES; 
SILICA PARTICLES WITH A NARROW PORE DIAMETER DISTRIBUTION, 
CATALYSTS MADE THEREFROM AND USE OF THESE CATALYSTS 



The present invention relates to a process for the prepa- 
ration of silica particles especially silica spheres having 
improved performance as catalysts. The present invention also 
relates to silica particles with a narrow pore diameter dis- 
tribution, especially silica spheres and to catalysts made 
therefrom. 

Silica particles are applied on a large scale, for example, 
as catalysts, catalyst carriers, absorbents, drying agents and 
ion exchangers. For most of these applications globular 
particles of uniform shape with a high crushing strenght and 
preferably also with a high water resistance are desired. A 
well-known technique for preparing such particles comprises 
the so-called sol-gel method, as described in Dutch laid-open 
patent specification 6,914,492 and German patent specification 
15 1,266,741. This method comprises the initial preparation of 
a silica hydrogel by mixing an aqueous solution of an alkali- 
metal silicate with an aqueous solution of an acid, converting 
the hydrosol obtained into droplet form and gelling the 
droplets in a liquid which is not miscible with water. The 
hydrogel obtained is then converted into a xerogel by 
reducing the alkalimetal content of the globular silica 
hydrogel particles to less than l%w, calculated on dry material, 
followed by drying and calcining. 

Although many processes have been described in the art 
related to various aspects of the successive steps n the 
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eonversion of the initial hydrogel into the final xerogel. 
a problem remaining over the years comprises the inflex- 
ibility of the process with respect to size and uniformity 
of the silica particles, concerned. It would be of great 
5 value when a process for the manufacture of silica oarticles 
could be developed which is not only flexible in that 
silica particles, especially spherical particles of 
various sizes could be produced in different batches 
but also flexible in that the structure parameters pore 
10 volume and pore diameter can be set in a wide range 

rather than producing a product having volume/diameter 
-atios which cannot be varied independently. 

It has now been found that by carefully choosing the 
conditions during the conversion of the hydrogel into the 
15 final xerogel, silica particles of different sizes can be 
produced at different tines which moreover exhibit an 
extremelv well-defined and settable pore volume and pore 
diameter. The properties of the silica particles thus 
prepared render them very suitable for use as catalvst 
20 carriers in many chemical and physical processes such as 
hydrodemetallization, ethanol synthesis and the co-pro- 
duction of styrene and propvlene oxide. It is the surorising 
feature of the present invention that carriers specific 
for a wide range of applications can be prepared using 
25 the same process by carefully adjusting the process con- 
ditions. 

The present invention therefore relates to a process 
for the preparation of silica particles which comprises: 

a) preparing a silica hydrosol by mixing an aqueous 

30 solution pf an alkalimetal silicate with an aqueous 

solution §f an agi# } 

b) converting the hydrosgi |ntg droplet form. 

c) shaping the droplets in air or in a liquid which 
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is not miscible with water, 

d) partially ore-drying the hvdrogel particles obtained. 

e) subjecting the partially ore-drier? particles to 
a hydrothermal treatment, 

5 f) decreasing the cation content of the hydrogel 

particles thus treated in an aqueous medium to 
less than 10 £w* calculated on dry material, and 
g) drying and optionally calcining the silica particles 
thus obtained* 

10 The silica hydrosol can be prepared conveniently by 

mixing an aqueous solution of an alkalimetal silicate with 
an aqueous solution of an acid. Suitable alkalimetal 
silicates comprise the so-called waterglasses , based on 
Na 2 0/Si0 2 having a sodium: silicon molar ratio between 

15 1 and 0.2. Suitable acids comprise hydrochloric acid. 

nitric acid and especially sulphuric acid. Good results 
have been obtained using a molar ratio in the range 0.5 - 1.2 
acid/waterglass, especially using a molar ratio in the 
range 0.6 - 0.8 acid 'water glass. The reactants can be used 

20 in various molar concentrations. Preferably, waterglasses 
are used in molar concentrations between 0.5 and « .*? and 
the acid can be chosen accordingly. 

The process of mixing may be performed suitably bv 
leading the starting solutions separately, via capillaries 

25 into tubular mixing chambers. Thorough mixing which appears 
to be important to produce uniform particles is established 
by carefully controlling the flew conditions in and outside 
the appropriate nozzles. Very good results can be obtained 
using nozzles exhibiting specific dimensions as disclosed 

30 and claimed in British Patent Application No. 810463^. 

After the silica hydrosol has been formed, it is converted 
into droplet form by carefully controlling the break-up 
. of the emerging stream which allows the formation of particles 
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of uniform predetermined size and uniform shape. This nay 
be achieved by gelling the hydrosol in a liauid which is 
immiscible, or substantially immiscible with water such 
as an oil. e.g. a paraffinic oil. This may be performed 
suitably by introducing the hydrosol into the upper end 
of a vertically disposed tube filled with oil. Best 
results are obtained when a relatively short sol-gel 
transformation time is applied, e.g. less than 15 seconds. 
It is also oossible to spray the droplets in air. 

The gelled particles thus obtained may be caught in an 
aqueous phase such as water or, preferably, an aqueous 
solution of a salt such as sodium sulphate, particularly 
a salt solution having substantially the same salt con- 
centration as that present in the hydrogel particles. 
The hydrogel particles are then separated from the aqueous 
phase, e.g. by filtration or centrifugation. It is also 
possible to separate them directly from the oil phase but 
that is more cumbersome in view of further steps in the 
preparation of the final particles. If desired the hydrogels 
obtained may be left for some time during which shrinkage 
of their volume may gradually occur. The hydrogel particles 
thus obtained contain large amounts of water and also con- 
tain, apart from silica, wate^-soluble sodium salts as well 
as chemically bonded sodium ions. 

It will be appreciated that the process according to the 
present invention allows for- the preparation of silica par- 
ticles of various sizes and shapes such as spheres, granules 
and extrudates. The process is especially suitable for the 
preparation of silica spheres which combine a number of 
advantageous properties such as high intrinsic strength, 
virtually no formation of fines when used in fixed or 
moving bed catalytic reactions as well as optimal transport 
characteristics. As discussed hereinbefore, the present 
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process allows not only particles, especially spheres of 
different sizes but also having at the same time similar 
pore volumes and yet different but uniform pore diameters 
and vice versa. For instance, porous structures suitable 
5 for hydrodemetallization normally have pore diameters 
which are several times higher than those used in the 
hydration of ethylene whereas the diameter of the 
particles may be the same and their pore volume may differ 
more than 100%. The combination of partially pre-drving 

10 the hydrogel particles obtained and a hydrothermal treat- 
ment adjusted for the type of product required produces 
final particles having optimal performance parameters. 

It has been found that pure strong silica particles can 
be obtained when the amount of water present in the hydrogel 

15 is reduced very carefully, not onlv with respect to the 
temperature applied but also with respect to the amount 
of water which should remain in the then partially dried 
particles prior to the hydrothermal treatment. This is not 
only necessary to prevent the formation of cracks in the 

20 particles which might occur at forced or prolonged drying 
but also to determine the texture of the particles which* is 
dependant on moisture content and temperature. 

The amount of water to be removed from the hydrogel 
particles obtained should be between rath.er narrow ranges. 

25 e.g. between 45?w and 85?w. calculated on the amount of 
water initially present in the hydrogel. It has *een 
found that very ^ood results can be obtained when the amount 
of water remaining in the pre-dried particles is between 12*?w 
and 70%w. especially between 30<Sw and. 50%w, calculated on 

30 the total weight of the pre-dried particles. 

The partial pre-drying of the hydrogel particles can be 
carried out by methods known in the art, provided that forced 
and prolonged drying, i.e. at excessive temperatures or to too 
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high a degree of water removal are avoided. Fo~ instance, - 
water may be removed from the hydrogel particles by contacting 
them with a gas stream, e.g. a stream of air. either or not at 
elevated temperature. Water may also be -emoved by heating the 
5 hydrogel particles care full v at atmospheric pressure or at 
reduced or elevated pressure. Water may also be removed from 
the hydrogel particles by contacting them with an inert 
liquid at a temperature above 100°C. although the inert 
liquid will replace at least part of the water which causes 
10 problems during further process steps, or by contacting them 
with steam or a steam-containing gas stream. 

Partial drying can be carried out convenient Iv hv blowing 
air over the hydrogel particles either at constant temper- 
atures or at slowly increasing temperatures provided that 
15 not even a small amount of the hydrogel particles are dried to 
completion. Temperatures ranging from ambient to 2 C 50°C can be 
used, preference being given to temperatures in the range 
of from 70°C to 180°C. It apoears to be especial! v the 
amount of water remaining in the pa^tiallv dried hvdrogel 
20 which determines the pore volume. The flexibilitv of 
the process according to the present invention is 
particularlv vested in the unioue propertv that once the po^e 
volume has been set. the pore diameter can still be chosen. 
This allows, for instance, the preparation of silica particles 
25 having large pore volumes, e.g. > 1.2 ml/g as well as large po^e 
diameters, e.g. even as high as 70 nm or even higher. The 
advantage of particles having large po*-e volumes is that 
higher loading of catalytically active materials can be 
applied. This is of particular interest in hvdrodemetal ligation 
30 processes as well as for the hydration of ethylene over a 
carrier impregnated with phosphoric acid. 

As discussed herein before, the pre-dried silica particles 
are next subjected to a hydrothermal treatment, i.e. a 
treatment at elevated temperature with liquid water and/or water 
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vapour. This treatment results in a controllable growth of the 
pore diameter whilst the pore volume is suhtantially retained. 
It is necessary to perform the hydrothermal treatment in the 
presence of one or more compounds selected from the grouo 

5 of compounds of the elements Li, Na, K, Cs, Rb, Ca, Sr, Ba 

1 2 3 *l 12^ 
as well as MR R R R compounds wherein R , R , R J and R 

which may be the same or different each represent a hydrogen 

atom or a hydrocarbyl group, e.g. an alkvl group having uo to 

12 carbon atoms, and NH^. 

10 Since the partiallv-dried hvdrogels still contain alkali ions, 

there is no special need to add one or more of the compounds 
mentioned hereinbefore. In the event that the alkalimetal salts 
had been removed from the hydrogel, fresh amounts of such 
compound or of any compound referred to hereinabove would 

15 have to be added prior to the hydrothermal treatment • 

When the hydrothermal treatment is effected by treating 
the partially dried silica particles with liquid water at 
elevated temperature, in general a treating temperature between 
50°C and 37**°C is chosen. Preferred treating temperatures are 

20 between 80°C and 350°C and in particular between 100°C and 300°C. 
When using a treating temperature above 100°C, the treatment has 
to be carried out in a closed vessel unde^ autogenous pressure. 
The treating times generally range between IS minutes and 2U'hou»~s. 
The volume of liquid water to .be applied is preferablv 

25 chosen such that during the treatment the partially-dried 
silica particles are completely surrounded by water. When 
using treating temperatures below 100°C it is sufficient to 
employ a. quantity of liquid water substantially equal in 
volume to that of the silica particles to be treated. This 

30 also holds when the treatment is carried out at a temperature 
above 100°C in a closed vessel under autogenous pressure, 
provided that the volume of the closed vessel is sufficientlv 
larger than the volume of the silica particles and the 
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volume of water to be applied. When the treatment is 
carried out at a temperature above 100°C in a closed vessel 
whose volume is considerably larger than twice the volume of 
the silica particles to be treated, a larger volume of 
5 liquid water has to be used. 

When the hydrothermal treatment is carried out by 
treating the partially-dried silica particles with water 
vapour at an elevated temperature, the treating temperature 
is generally chosen between 100°C and 500°C, preference 
10 being given to temperatures in the ran?.e of from 100°C to 300 C. 
The water partial pressure applied is preferably chosen 
between 1 and *0 bar. The heating times generally range 
between 15 minutes and 2U hours. The treatment, may be 
effected either by keeping the silica particles in a closed 
15 vessel in contact with a certain quantity of saturated water 
vapour or by continuously passing saturated water vapour 
over the silica particles. In the latter case it is preferred 
to use a linear gas velocity between 1 and 100 cn/h. 

The amount of one or more compounds selected from the 
20 group of compounds of the elements Li. Na, K, Cs. Rb. Ca. 
Sr. Ba as well as NR 1 R 2 R^H i '-compouncs and NH^ present in the 
partiallv-rfried silic? particles to be subjected to hydro- 
thermal treatment may varv between wide ranges, e.g. an 
amount of from 0.1 gram of the compound concerned up to 
25 25 g of the compound per 100 gram of the silica in the 
particles to be hvdrothermally treated. Preference is 
given to the use of compounds in the amount of from 0,5 to 
15 g per 100 g of silica in the particles to be treated. 
Good results have been obtained using silica particles still 
30 containing part or all of the alkali ions, e.g. sodium ions 
present therein because of the formation of the hydrosol 
as discussed hereinbefore. 

The process according to the present invention thus 
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combines the possibility of primarily setting the pore volume 
by a controlled partial drying of the hydrogel and of 
primarily setting the pore diameter by a hydrothermal treat- 
ment which make it verv flexible with respect to the 
5 silica to be prepared. 

The hydrothermal treatment will be followed by a treat- 
ment to decrease the cation content of the silica particles 
to less than 10Sv, preferably less than 53w, calculated on 
dry material. Normally, the cations present are sodium 

10 ions originating from the waterglass constituent in the 
formation of the hydrosol. It is also possible that the 
cations are present since thev were added to facilitate 
the hydrothermal treatment. 

The decrease in the amount of cation can be convenient lv 

15 performed by washing the silica particles one or several 
times vrith water so that the concentration is reduced to 
the desired level. Depending on the intended use of 
the final silica particles the amount of cation may he 
reduced to, say, 7% or less, calculated on dry material 

20 when an alkaline carrier is desired, or to less than 
i<5w when neutral carriers are required. In the latter 
case it may be advantageous to subject the silica particles 
to a treatment with an inorganic or organic acid in order to 
remove cation bound to the silica particles, themselves. Also^ 

25 aqueous solutions of ammonium salts, e.g. ammonium nitrate 
can be used to reach the desired lew alkalimetal content of 
the silica particles. It should be noted that ammonium 
ions, which have replaced any cations bound to the silica 
particles will decompose during the subsequent dryine; 

30 and calcining treatment so that the final product does 
contain the desired amount of cations, if anv. 

Finally the hydrogel particles thus obtained are dried 
and calcined. Drying may be carried out by methods known in the 
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art. Since the structure parameters have been firmly set 
by the process according to the present invention, the 
final drying conditions appear not to be crucial. Since 
water has to be removed again the same methods described 
5 hereinbefore can be used conveniently. For instance, the 
hydrogel particles can be dried smoothly by heating them 
at a temperature of about 100°C at reduced pressure or by 
heating them at a temperature above 100°C in a stream of 
air. But other methods are also apDlicable. Normally 
10 drying is carried out for several hours at temperatures up 
to 200°C. 

Calciring may be carried out by methods known in the art* 
It will be appreciated that higher calcining temperatures have 
to be used when the dried hydrogel contains ammonium ions as 
15 described hereinbefore. The temperature at which the 

calcination occurs may varv between wide ..ranges . Normally 
temperatures up to ^00°C can be used but higher temperatures 
are not excluded. It may even be advantageous for certain 
applications, such as hydration reactions to subject the 
20 dried hydrogel to a calcination at a temperature up to 1000 C, 
preferably between 800°C and 950°C. Normally calcining will 
be carried out during relatively short periods, e.g. periods 
of up to one hour, *ut longer periods mav also be used. 

The novel silica particles, and especially silica spheres. 
25 are characterized by a very high attrition resistance. When 
the silica spheres are subjected to a standard attrition test 
as described in Example 9. the loss on attrition is less than 
0.1$w and normally even below 0.05?w, i.e. < 50 rog/kg. The near 
perfect shape of the silica spheres and their well-controlled 
30 structure allow for the unusually low loss on attrition which 
can be achieved even without the use of specific attrition- 
resistance improving compounds such as graphite or aluminium. 
The novel silica particles, and especiallv silica spheres 
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are further characterized in that they exhibit a very narrow 
pore size distribution at any set pore volume. This is of 
course advantageous since many chemical reactions can be 
performed much better when uniform carriers can be used. This 
5 very narrow pore size distribution holds both for relatively 
small and relatively large pore diameters. It has been found 
that silica spheres having a mean pore diameter of not more 
than 30 nm (as determined by mercury porosimetry, as described 
by H.L. Ritter and L.C. Drake Ind. Eng. Chem. , Anal. Edition 17 

10 pp. 787 (1945), applying mercury pressures of 1 to 2000 bar) 
exhibit a pore size distribution wherein at least 70% of the 
pore volume is made up of pores having pore diameters which 
have a tolerance of not more than 10 nm on the mean pore 
diameter and at least 60% of the pore volume is made up of 

15 pores having pore diameters which have a tolerance of not more 
than 5 nm on the mean pore diameter and that silica spheres 
having a mean pore diameter of more than 30 nm (as determined 
by mercury porosimetry) exhibit a pore size distribution 
wherein at least 65% of the pore volume is made up of pores 

20 having pore diameters which have a tolerance of not more than 
20 nm on the mean pore diameter and at least 55% of the pore 
volume is made up of pores having pore diameters having a 
tolerance of not more than 10 nm on the mean pore diameter. 
Preferably, silica spheres having a mean pore diameter of not 

25 more than 30 nm (as determined by mercury porosimetry) 

exhibit a pore size distribution wherein at least 75% of the 
pore volume is made up of pores having pore diameters which 
have a tolerance of not more than 10 nm on the mean pore 
diameter and at least 65% of the pore volume is made up of 

30 pores having pore diameters which have a tolerance of not 

more than 5 nm on the mean pore diameter and silica spheres 
having a mean pore diameter of more than 30 nm (as determined 
by mercury porosimetry) exhibit a pore size distribution 
wherein at least 75% of the pore volume is made up of pores 

35 having pore diameters which have a tolerance of not more 
than 20 nm on the mean pore diameter and at least 65% of 
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the pore volume is made up of pores having a tolerance of 
not more than 10 nm on the mean pore diameter. The pore 
volume referred to hereinabove is the total pore volume 
as measurable by the method of Inr.es fAnalytical 
5 Chemistry 28, No. ? '*a~ch i?^^. 

When plotting the pore diameter (nm) as a function 
of the cumulative pore volume fml/g) a curve is found which is 
substantially vertical. 

The nove? silica particles, »nd especially silica spheres 

1 0 are further believed to exhibit quite specific tortuosity 
factors. Tortuosity factors are expressed as the average 
length of the pass of a flowing gas relative to the shortest 
possible pass. fA.I.Ch.E. Journal. November 1968. pp. 8*5 - 8^ v . 
It will be understood that a very regular po^e structure 

15 will contribute significant lv to a relativelv small 

tortuosity factor whereas irregular pores tend to con- 
tribute to relatively large tortuositv factors. 

As discussed hereinbefore, the silica particles according 
to the present invention may be applied e.g. as catalvsts. 

20 catalyst carriers, absorbents, drying agents and ion exchangers. 
They are of particular importance as carriers for one or more 
metals or metal compounds with catalvtic activity. 
Catalvsts comprising the present silica particles as carrie- 
may be applied in various processes in the chemical and 

25 petroleum industries. The preparation of the catalysts 

may be carried out by any technique for the preparation of 
supported catalvsts known in the art. e.g. bv impregnating 
the silica particles with an aqueous solution comprising 
salts of the catalytically active metals concerned, followed 

30 by drying and calcining of the composition. A suitable 

way of preparing the present catalvsts is one in which the 
catalytically active metals are incorporated into the carrier 
in an early stage of the carrier preparation, e.g. when the 
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latter is still in the hydrogel form. This may have an impact 
on the porosity of the ultimate carrier to be made and it also 
renders the additional drving and calcining steps required 
after separate impregnation optional. 
5 Silica particles, and particularly silica spheres prepared 

according to the process according to the present invention are 
of particular importance as carriers for catalysts which are 
normally used in the hydrodemetallization of heavy hydro- 
carbon oils, the epoxidation of olefinicallv unsaturated com- 
10 pounds with organic hydroperoxides and in the hydrations of 

olefinicallv unsaturated compounds to oroduce the corresponding; 
alkanols. 

Hydrodemetallization of heavy hydrocarbon oils is a 
well-known process in the pet~o3eum industry and is aoplied. 

15 amongst other things, to decrease the metal content of heavv 
hydrocarbon oils which are to be used as feed for catalytic 
treating processes such as hydrodesulphurization and 
catalytic cracking. As a result of the demetallization, the 
life of the catalyst in the subsequent treating or conversion 

20 process is prolonged • Hydrodemetallization is carried out 

by contacting the heavy hydrocarbon oil at elevated temperature 
and pressure in the presence of hydrogen with a catalyst. 
Preferred catalysts for this puroose are catalysts comprising 
one or more metals selected from the group consiting of 

25 nickel, cobalt, molybdenum, tungsten and vanadium on a 

silica carrier. Especially preferred are catalysts comprising 
at least one metal selected from the group consisting of 
nickel and cobalt and at least one metal selected from the 
group consisting of molybdenum, tungsten and vanadium, 

30 such as the metal combinations nickel/vanadium, nickel/ 
molybdenum and cobalt/molybdenum on a silica carrier. 
Silica spheres prepared according to the process according 
to the present invention are preferred carriers for these 
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catalysts because they exhibit higher metal loadings because 
of their specific structure and texture. 

Epoxidation of olefinically unsaturated compounds with 
an organic hydroperoxide is a well-known process in the chemical 
5 industry and is applied for instance for the manufacture of 
propylene oxide and epichlorohydrin from propylene and allyl 
chloride, respectively. The epoxidation of olefinically 
unsaturated compounds with an organic hydroperoxide is carried 
out by contacting the reactants preferably at elevated 
10 temperature and pressure with a catalvst. As organic hydro- 
peroxide, preference is given to ethyl benzene hydroperoxide 
since methyl phenylcarbinol is obtained as a by-product in the 
epoxidation which compound can be easily converted into 
valuable stvrene. Preferred catalvsts for the epoxidation are 
15 catalysts comprising at least one metal or metal compound 
selected from the group consisting of raolvbcenura. tungsten, 
titanium, zirconium and vanadium on a silica carrier. 
Especiallv preferred a~e catalvsts comprising titanium on a 
silica carrier. The silica spheres prepared acco«-din* to the 
20 process according to the present invention can be used 
advantageous as carriers fo~ these catalvsts. 

The silica particles can also be suitahlv applied as 
carriers for catalysts used in the purification of exhaust 
gases. They can also be used as carriers for certain polvmer- 
25 ization and oligomerization catalysts for 4 lewer olefins, 

e.g. as carriers for the phosphoric acid catalvzed oligomer- 
ization of ethylene. The catalvsts normally suggested for 
this type of reactions can be suitably used on the silica 
particles. 

?0 The hydration of olefinically unsaturated compounds. 

using a supported acidic catalyst, is a well-known process in 
the chemical industry. Suitable olefins are those containing 
from 2 to 10 carbon atoms, especially those having from 
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2 to 5 carbon atoms. Most preferred are ethylene and 
propylene. 

The reactants are generally applied in the gaseous state. 

The feed ratio and the reaction conditions may varv videlv, 

depending inter alia on the starting materia} used. Thus, 

ethanol may suitably be prepared using a molar ratio water/- 

ethylene in the range 0.2:1 to 1.0:1, preferably 0.?:1 to 

0.62 1. a temperature in the range 200°C to 300°C. preferably 
o © 

220 C to 270 C and a pressure of from 50 to 90 bar. Isop-opvl- 
alcohol may be preoared, for example, using 3 molar ratio 
water/propylene ranging f-om 0.1:1 to 0.5: 1 a temperature of 
from 140°C to 25C°C. and a pressure in the range from 15 to 50 
bar*. The hydration catalyst based on a silica carrier nay be 
prepared by means of any conventional technique. According to 
a preferred method, silica particles, e.g. silica soheres, 
prepared as described he-einbefore are impregnated with phos- 
phoric acid. Suitably an aqueous phosphoric acid is used 
having a concentration of. for example, from 20 to 8-1, pre- 
ferably from 50 to 755. Good results are obtained bv inme-sion 
of the silica Darticles in the aqueous phosphoric aci-i. e.g. 
for 0.5 to 5 hours, followed by draining off the excess and 
drying the impregnated support in the usual wav. for- example bv 
heating at about i50°C. 

The invention will now further be elucidated with the aid 
of the following Examples. 

Example 1 

An aqueous sodium waterglass solution comprising 
12$w Si0 2 and having a Na 2 0/Si0 2 molar ratio of 0.? was 
mixed continuously in a mixing chamber with an aqueous 
1.2 N sulphuric acid solution in a volume **atio acid 
solution/waterglass of 0.65. Afte" a residence of a few 
seconds in the mixing chamber the hydrosol obtained was con- 
verted into droplet form and the hydrosol droplets allowed to 
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fall through a vertically disposed cylindrical tube with, a 
length of 1.8 in filled with a pa~affinic hydrocarbon oil at 
25°C. During the fall through the tube gelation occurred. The 
globular hydrogel particles were caught at the bottom of the 
tube in water of 25°C. After the globular hydrogel particles 
had been separated by filtration they were washed with water. 
The water content of the hydrogel particles prior to further 
treatment amounted to oo^w, as determined using a standard test 
(heating a sample in three hours from ambient temperature to 
600°C and thereafter keeping the same thus heated at 600°C fo^ 
one hour^. 

A part of the hydrogel particles thus obtained (total 
volume 120 ml) was then subjected to a careful Dartial rirvin^ 
procedure by drving with air- of relatively high velocity 
M.5 - 2.0 m/s) at a temperature between 80°C and 90°C until 
the moisture content of the hydrosol particles had reached a 
value between 3?*w and 50*w which normally amounted to drving 
times up to 20 minutes. The quality of the spheres thus 
treated was good (virtually no fines). 

Thereafter the hydrosol oarticles thus treated were 
•subjected to an hydrothermal treatment in an autoclave. An 
amount of water was added so that the volume ratio of 
water: bulk hydrogel particles (partially dried) was 0.7. 
This mixture was heated in hours .to iflO°C and then kept 
at this temperature for 2 hours whereafter the mixture was 
coded down gradually. The hydrogel particles thus treated 
were treated with an aqueous solution of ammonium nitrate 
at ambient temperature until the sodium content of the 
particles had been decreased to less than 0.2^1. calculated 
on dry material. Afte~ drying for 2 hours at 1?0°C the 
silica spheres were subjected to a final calcination at ^00°C 
during 3 hours. The silica spheres thus obtained had still 
good properties. The oore volume as determined by mercurv 
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porcsimetry amounted to 1.32 ml/g and the pore diameter as 
determined by mercurv porosimetry amounted to QOrirn with 
an unusuallv narrow pore diameter distribution. 

When the experiment was repeated but allowing a storage 
time of 16 hours between the partial drving and the hydro- 
thermal treatment, no difficulties were encountered. 

Example 2 

The experiment as described in Example 1 was reoeated 
using a sulphuric acid/water glass volume ratio of 0.70. 
Having subjected the hydrogel particles to the sane treat- 
ments as described in Example 1. good quality silica 
spheres were obtained having a pore volume of m2 /e; 

and a pore diameter of 88 nrc. 

Example 3 

The experiment as described in Example 2 was reoeated 
using a sulphuric acid/waterglass volume ratio of 0.7*. 
Having subjected the hydrogel particles to the same treatments 
as described in Example 2. good Quality silica spheres 
were obtained having a pore volume of 1.H5 ml/g and a 
pore diameter of 7S nm. 

Example *J 

Silica spheres having a size rans;e between 2.3 - ?.R mm 
we*-e produced using the procedure described in Example 1 
wherein partial drying with air was carried out until the 
moisture content of the hydrogel particle amounted to 0.72 kg/ 
kg hydrogel (i.e. a water content of iM.R^wt. Thereafter 
the hydrogel particles were subjected to a standard hydro- 
thermal treatment by gradually heating them in the normal 
amount of water in an autoclave to 1<S0°C and keeping the 
mixture at that temperature for 1 hour whereafter the mixture 
was cooled down slowly. Finally the hydrogel particles 
thus obtained were treated with an ammonium nitrate solution. 
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washed and dried at 120°C. Silica spheres were obtained 
having a pore volume (Hg-porosimetry) of 1. 1 2 ml/g and a 
pore diameter (Hg-porosimetry) of *41 nm. The amount of 
fines formed was about O.O^w. The mean side crushing 
5 strength of the spheres obtained as determined by a standard 
test method amounted to 49.8 N. Cracked spheres* having 
a SCS<10 N could not be detected. The water resistance 
of the silica spheres thus produced was *<00% expressed as 
WR 10, i.e. the percentage of silica spheres which have 
10 not been damaged by the contact .with a volume of water 
5 times the volume of 10 silica spheres examined during 
5 minutes. 

Example 5 

The experiment described in Example M was repeated to 
obtain silica spheres having a size range between 2.9 - 3-3 nm 

15 by using a mixing chamber having a larger aperture. The 
partial drying of the hydrogel particles was carried out 
in such a way that the moisture content of the particles 
amounted to O.SU kg/kg hydrogel fi.e. a water content of 
U5.6 < ?wK Thereafter the hydrogel particles were subjected 

20 to the hydrothermal treatment described In Example 4. 
treated with an ammonium nitrate solution, washed and 
finally calcined at 300°C. Silica spheres were obtained 
having a pore volume of 1.28 ml/g and a pore diamter of 
nm. The amount of fines formed (<2.38 mm) was 0.8%w. 

25 The mean side crushing strength was 1*2.7 no cracked 

spheres were detected and the water resistance, expressed as 
WR 10, was again 100*5. 

Example 5 

Silica spheres having a size range between I. 1 * - 1.7 mm 
were produced using a mixing chamber having a rathe** smaller 
30 aperture. The partial drying was carried out at AO - Q 0°C 
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until the water content in the partiallv dried hydrogel Darticl 
amounted to 0,23 kg/kg hydrogel. Thereafter, the hydrogel 
particles were subjected to a standard hydrotherrnal treatment 
by heating them immersed in water in an autoclave to 1H5°C 
and keeping the mixture at that temperature during 1 hour 
prior to cooling the mixture. After treatment with ammonium- 
nitrate, washing and drying, silica spheres were obtained 
having a pore volume (Hg-porosimetry) of O.**o ml/g and a 
pore diameter of 22 nm. 

Example 7 

The experiment described in Example 6 was repeated with 
the proviso that the amount of vater remaining in the partiallv 
dried hydrogel amounted to 0.63 kg/kg hydrogel. After the 
hydrotherrnal treatment and further process steps as described 
in Example 6, and calcination at 500°C during 1 hou~. silica 
spheres were obtained having; a pore volume of 0.Q8 ml/e; 
and a mean pore diameter of 30 nm. The silica soheres 
thus prepared exhibit an extreroelv narrow po~e size dis- 
tribution curve. From the pV/pd graph it was calculated 
that more than 70% the pore volume was made ud of po~es 
exhibiting pore diameters having a spread of not more than 
5 nm on the mean pore diameter. 

Example 8 

Some experiments were carried out" to determine the 
properties of the silica particles, and especially silica 
spheres prepared according to the process according to the 
present invention as carriers for catalvsts. 

A) 9frE^r?..£pr,l}y^r2^ emeta i lization catalvsts. 
Silica particles prepared as described in Example 5 were 
impregnated with salts of nickel and vanadium according 
to well-known procedures described, inter alia, in 
British Patent Specification i.M38,KH5. A readv catalvst 
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was obtained in the form of spherical particles having 
a size range between 2.8 - *.3 ram, a pore volume of 0.S9 ml/* 
and a pore diameter of ^5 nm. The side crushing strength 
of the catalyst was 58 N. The bulk crushing strength 
5 (BCS) was 1.5^ MPa. When compared with a commercially 
available carrier (size 2 - 3*3 nira, pore volume 1.00 ral/g, 
pore diameter 5 nra f SCS 22.3 H and BSC > 1.55 MPa") the pore 
diameter distribution of the silica particles preoared ac- 
cording to the process according to the invention and loaded 

10 with Ni and V was extremelv narrow: more than 70% of the pore 
volume was made up of pores exhibiting po~e diameters having 
a spread of not more than 10 nm on the mean pore diameter, 
whereas the commercially available carrier also loaded 
with about the same amount of Mi and V, shewed a spread 

15 no less than 275 nm. It will be appreciated that silica 
spheres having even larger pc~e volume than disclosed 
in this Example, e.g. Dore volumes of 1.2 ml/g or even 
higher can >>e regarded as having a potentially higher up- 
take capacity in hvdrodemetallization processes. 

?0 

3^ Carriers_f or phosphor ic_acid_catalysed_hydration 
of olefins. 

The silica particles prepared according to the process according 
to the Dresent invention can be used suitablv as carriers to 
produce highly active catalysts for the hvdration of olefins 
to alkanols. Especially carriers with relativelv large po^e 

25 volumes, e.g. of at least 1.00 ml/g are desirable for a 

good catalytic performance* 1 It will be appreciated that also 
the unique feature of a very regular po~e size distribution 
contributes to the catalvtic performance. 

The catalysts may be preoared by means of any of the 

30 conventional techniques. According to a preferred method, 
silica particles, especially silica spheres prepared ac- 
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cording to the process according to the present invention 
are impregnated with phosphoric acid. Suitably an aqueous 
phosphoric acid is used having a concentration of. for 
example, from 20 to 85?. preferably from 50 to 75*. Good 
5 results are obtained by immersion of the silica spheres 
in the aoueous phospho^ acid. e.g. for 0.5 to 5 hours, 
followed by draining; off the excess acid and drying the 
impregnated support in the usual way, fo~ example hv heating 
at about 150°C. 

10 It has been found that a calcination treatment at verv 

high temperatures. €.3. between 850°C and Q50°C contributes 
substantiallv to a car-ie~ having a high strength stabilitv 
which is very important under practical conditions. Fo~ 
instance, silica spheres prepared according to the process 

15 according to the present invention having a pore volume 
of 1 .28 ml/g, a pore diameter of 18 nm and a SCS of °0 N 
were impregnated with aqueous phosphoric acid and processed 
as described hereinbefore to contain 57**7 of phosphoric 
acid on catalyst. The thus loaded si] ica spheres were then 

20 subjected to true ethylene hydration conditions 'temperature 
250 - 280°C. water/ethylene mol ratio 0. 1 * - 0.8. pressure 
80 bar) during one week. Thereafter the catalyst properties 
were determined again. The pore volume amounted to 1.00 ral/<*. 
the pore diamter had increased to 200 nm and the SCS de- 

25 • creased to 16. 3 H. Again it was found that they compare 
favourable with commercially available carriers which had 
been impregnated and subjected to a simulated hydration 
process. 

Example 9 

30 The attrition resistance of the silica particles 

prepared according to the process according to the present 
invention was determined using a standard attrition test 
according to the Peter Spence method. A portion of about 
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25 g of silica particles not showing any visible defections 
was weighted out to the nearest 50 mg and placed in an 
attrition tube which comprises an iron tube of internal 
length 305 mm and internal diameter of 33 mm which can 
5 rotate at 25 ^pn about an axis normal to the length and 

at a point approximately 75 mm from the centre of the tube. 
The iron tube containing the particles is then rotated at 
25 ^pm during 1 hour. Thereafter the material was sieved 
off over a sieve having a mesh width of ?.3^ mm and the "*oss 

10 on attrition calculated by means of the equation L=— - — x 100 
wherein L is the loss on attrition in <Sw , A is the weight 
of the particles after rotating in grams and W is the weight 
of the particles before rotating in grams. The silica 
spheres prepared according to the process accordine to the 

15 present invention did not show any detectable loss on 
attrition at all whereas commerciallv available silica 
particles showed a loss well over 0.5*w. 
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CLAIMS 

1. Process for the preparation of silica particles 
which comprises 

a) preparing a silica hydrosol by mixing an aqueous 
solution of an alkalimetal silicate with an 
aquous solution of an acid. 

b) converting the hydrosol into droplet form. 

c) shaping the droplets in ai~ or in a liouid which 
is not miscible with water, 

d) partially pre-drying the hydrogel particles obtained. 

e) subjecting the partially p-e-dried oartlcles to 
a hydrothermal treatment. 

f) decreasing the cation content of the hvd-ogel 
particles thus treated in an aaueous medium to 
less than ^O^w. calculated on dry material, and 

15 S> drying and optionally calcining the silica particles 

thus obtained. 

2. Process according to claim 1. wherein the amount of 
water to be removed from the hydrogel particles is between 
45*Sw and 855w, calculated on the amount of water initially 

20 present in the hydrogel. 

3. Process according to claim i or 2 wherein the amount 
of water to be remaining in the predried particles is 
between 12*?w and 70^/, preferably between ?0?w and S0«?w. 
calculated on the amount of water initially present in 

25 the hydrogel. 

*J. Process according to any one of claims 1 - 3 wherein 

the partial predrying is achieved at a temperature in the 
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range of from 70°C to 180°C. 

5 # Process according to any one of claims 1—4 wherein 

the hydrothermal treatment is carried out at a temperature 
between 80°C and 350°C, preferably at a temperature between 

5 100°C and 300°C* 

6. Process according to claim 5 wherein the hydrothermal 

treatment is carried out using a quantity of liquid water 
at least substantially equal in volume to that of the silica 
particles to be treated. 

10 7. Process according to any one of claims I - 6 wherein 

the amount of cation is reduced below 7%w, calculated on 
dry material, preferably below l%w, calculated on dry material ♦ 

8. Process according to any one of claims 1-7 wherein 
the dried hydrogel is subjected to a calcination at a 

15 temperature up to 1000°C, preferably at a temperature in 
the range of from 800°C to 950°C« 

9. Silica particles having a pore size distribution 
wherein at least 70% of the pore volume is made up of pores 
having pore diameters which have a tolerance of not more 

20 than 10 tun on the mean pore diameter and at least 60% of 
the pore volume is made up of pores having pore diameters 
which have a tolerance of not more than 5 nm on the mean 
pore diameter when the mean pore diameter is not more than 
30 nm (as determined by mercury porqsimetry) and having 

25 a pore size distribution wherein at least 65% of the 

pore volume is made up of pores having pore diameters which 
have a tolerance of not more than 20 nm on the mean pore 
diameter and at least 55% of the pore volume is made up 
of pores having pore diameters which have a tolerance of 

30 not more than 10 nm on the mean pore diameter when the mean 
pore diameter is more than 30 nm (as determined by mercury 
porosimetry) . 

10. Silica particles according to claim 9, having a pore size 
distribution wherein at least 75% of the pore volume is made up of 
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pores having pore diameters which have a tolerance of not 
more than 10 nm on the mean pore diameter and at least 65% 
of the pore volume is made up of pores having pore diameters 
which have a tolerance of not more than 5 nm on the mean 
5 pore diameter when the mean pore diameter is not more than 
30 nm and at least 75% of the pore volume is made up of 
pores having pore diameters which have a tolerance of not 
more than 20 nm on the mean pore diameter and at least 
65% of the pore volume is made up of pores having pore 
10 diameters which have a tolerance of not more than 10 nm 
on the mean pore diameter when the mean pore diameter is 
more than 30 nm. 

11. Silica particles, especially silica spheres, according 
to claim 9 or 10 having a loss on attrition of less than 

15 0.1%w as determined by the standard attrition test described 
hereinbefore. 

12. Catalysts comprising one or more metals or metal 
compounds with catalytic activity on silica particles 
according to any one of claims 9-11 as carrier, or on 

20 silica particles, prepared by a process according to any one 
of claims 1-8. 

13. Process for the hydrodemetallization of a heavy 
hydrocarbon oil wherein the heavy oil is contacted at 
elevated temperature and pressure and in the presence 

25 of hydrogen with a catalyst according to claim 12, which 
catalyst comprises at least one metal selected from the 
group consisting of nickel and cobalt and at least one 
metal selected from the group of molybdenum, tungsten and 
vanadium as catalytically active metals. 

30 14. Process for the epoxidation of olefinically unsaturated 
compounds with an organic hydroperoxide wherein the reactants 
are contacted with a catalyst according to claim 12, which 
catalyst comprises at least one metal or metal compound 
selected from the group consisting of molybdenum, tungsten, 
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titanium, zirconium and vanadium as catalytically active 
compounds • 

15* Process for the purification of exhaust gases 
wherein the exhaust gases are contacted with a catalyst 
according to claim 12. 

16. Process for the hydration of olefinically unsaturated 
compounds wherein the reactants are contacted with a catalyst 
according to claim 12, which catalyst comprises phosphoric 
acid. 
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